Scaling of the structural order parameter, polarization, and electrical properties was investigated in model ultrathin epitaxial SrRuO 3 / PbZr 0.2 Ti 0.8 O 3 / SrRuO 3 / SrTiO 3 heterostructures. High-resolution transmission electron microscopy images revealed the interfaces to be sharp and fully coherent. Synchrotron x-ray studies show that a high tetragonality ͑c / a ϳ 1.058͒ is maintained down to 50 Å thick films, suggesting indirectly that ferroelectricity is fully preserved at such small thicknesses. However, measurement of the switchable polarization ͑⌬P͒ using a pulsed probe setup and the out-of-plane piezoelectric response ͑d 33 ͒ revealed a systematic drop from ϳ140 C/cm 2 and 60 pm/ V for a 150 Å thick film to 11 C/cm 2 and 7 pm/ V for a 50 Å thick film. This apparent contradiction between the structural measurements and the measured switchable polarization is explained by an increasing presence of a strong depolarization field, which creates a pinned 180°p olydomain state for the thinnest films. Existence of a polydomain state is demonstrated by piezoresponse force microscopy images of the ultrathin films. These results suggest that the limit for a ferroelectric memory device may be much larger than the fundamental limit for ferroelectricity.
I. INTRODUCTION
The reorientable electric polarization of ferroelectric materials has long been of interest for its potential in high density information storage. 1, 2 One of the most crucial questions regarding the densities and performance that can ultimately be achieved is that of the size effect [3] [4] [5] on the magnitude and stability of uniform switchable polarization. In the past few years, careful measurements on high-quality ultrathin films [6] [7] [8] [9] [10] [11] [12] [13] [14] and related theoretical models [15] [16] [17] [18] for thin films have shown that a ferroelectric instability can be exhibited by perovskite oxide films as thin as a few lattice constants. This has led to renewed interest in understanding the scaling of ferroelectric properties with thickness in the ultrathin regime. To preserve states with uniform polarization, the compensation of the depolarization field has been identified as a crucial factor. [18] [19] [20] [21] On SrTiO 3 ͑STO͒ insulating substrates,
x-ray studies of films of PbTiO 3 ͑PTO͒ exhibit a polar distortion, but to reduce depolarization energy the system forms periodic 180°ferroelectric stripe domains. 9, 11 Metallic electrodes under short-circuit conditions should provide a mechanism for compensation of the depolarization field that acts to stabilize the uniformly polarized state. However, in real conductors the screening is imperfect. As the films get thinner, the residual field in the ferroelectric due to the surface-dipole density at the ferroelectric/electrode interface grows, 18, 20 resulting in renormalization of the coercive field, 22 reduction in polarization of uniformly polarized films, 23 and ultimately a possible destabilization of ferroelectricity in the thinnest films. For information storage technology, the figure of merit is the magnitude and stability of the switchable ferroelectric polarization. This is referred to as ⌬P and ideally is twice the remnant polarization. Measurements of the thickness variation of the magnitude of ⌬P for uniformly polarized films in the sub-100-Å thickness regime are therefore of particular interest, as this magnitude is expected to be modified by the residual depolarizing field and other corrections resulting from the imperfect screening in the electrodes. Despite its importance, and mainly due to the fact that polarization measurements for ultrathin films are particularly dominated by leakage, in a majority of experimental studies ⌬P is not measured directly but inferred from the correlation with the measured lattice parameter, 23 pyroelectric 6 or piezoelectric 7 coefficients. This fact spoils the quantification of the switchable part of the net polarization.
Only very recently Kim et al. showed ferroelectric hysteresis loops for epitaxial BaTiO 3 ͑BTO͒ films as thin as 50 Å.
14 Structurally they observe that even the 50 Å film exhibits c-axis value that is considerably larger than the bulk values for BTO while the polarization for the 50 Å film is considerably reduced with respect to the bulk. They see a systematic decrease in the polarization as a function of reducing thickness, and their experimental data agree well with the theoretical first-principles based predictions of Junquera and Ghosez. 18 In contrast a systematic study of PTO ultrathin epitaxial films by Lichtensteiger et al. showed a monotonic decrease in the lattice tetragonality with decreasing thickness. 23 Further for certain ferroelectrics a clear resistance switching effect was observed when scaled to very low thickness. 24, 25 There is also theoretical understanding now that predicts tunneling effects in ultrathin ferroelectric barriers sandwiched between metal electrodes. 26, 27 Thus, there exists still a conundrum, particularly in epitaxial ultrathin heterostructures, as to how the lattice and polarization properties scale with thickness for different ferroelectric compositions.
To understand this we combined direct measurements of the switchable ferroelectric polarization and piezoelectric responses with information about the structure to study scaling effects in a model heterostructure system of high-quality ultrathin PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ films with SrRuO 3 ͑SRO͒ electrodes. The thinnest films show a sharp drop in the measured ⌬P and the out-of-plane piezoelectric constant but virtually no change in the lattice constants. This observation is explained by the depolarization field model, in which decreasing thickness leads to increases in the residual field that destabilize the system into a 180°domain state similar to that observed on an insulating substrate.
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II. EXPERIMENT
Epitaxial PZT ultrathin films 50-500 Å thick were grown on SRO buffered ͑100͒ STO substrate by pulsed laser deposition. Details of the growth are given elsewhere. 13 The maximum thickness of the PZT film presented in this study was limited to 500 Å in order to maintain fully c-axis oriented films and avoid the formation of ferroelastic a-axis domains ͑90°domains͒. The microstructure and local distortion in ultrathin films were investigated by means of highresolution transmission electron microscopy ͑HRTEM͒. HR-TEM images were obtained using a JEOL-4000EX highresolution electron microscope operating at 400 keV with point to point resolution of 0.17 nm.
Lattice constants for films greater than 500 Å thickness were measured using a conventional x-ray diffractometer fitted with thin film optics. The lattice parameters for the 50 and 80 Å PZT films were investigated by synchrotron x-ray diffraction at the Pohang Light Source ͑PLS͒. The beam size at the focal point is typically less than 1 mm 2 . A scintillation detector was used to record the diffracted beam intensities.
To ascertain that the ultrathin films have low leakage paths, direct current atomic force microscopy ͑dc-AFM͒ was used to image leakage current paths of these ultrathin films. The images were obtained at room temperature and under 10 −3 bar on a JEOL scanning tunneling microscope ͑STM͒/ AFM with 1 pA detection limit. This technique has been used to image dislocations in semiconductors, 28 leakage in SiO 2 metal-oxide-semiconductor ͑MOS͒ structures, 29 nanoscale current transport, 30 and screening phenomena in oxide ferroelectrics. 31 In this technique a voltage is applied between a conducting tip and the sample and the resulting current is detected using a current preamplifier/I-V converter. The current images are obtained simultaneously with topography and hence allow the correlation of electrical properties with topological features.
Direct quantitative ferroelectric properties were evaluated using a pulse method using an atomic force microscope ͑AFM͒. 32 This technique facilitates measurement of nanoscale submicron capacitors and with fast rise times, both very important to successfully test ferroelectric nanostructures. The pulsed probe method was chosen over the traditional P-E hysteresis measurement as it is less convoluted by leakage and nonlinear dielectric effects. However, to check the existence of resistive switching effects, the thinnest film was swept under a voltage bias as would be for a hysteresis measurement. To avoid leakage paths submicron sized capacitors were created, especially for the thinnest film, using a modified lift-off process. The typical lateral area of the capacitors for the 50 Å film was 0.125 m 2 , while the typical lateral areas for the thicker films were 4 m 2 . Quantitative piezoresponse force microscopy 33 ͑PFM͒ was used to measure the piezoelectric ͑d 33 ͒ responses. The deflection of the PFM tip was calibrated using an X-cut quartz crystal. Further details on the PFM calibration can be found in Ref. 34 . Figure 1͑a͒ is a cross-sectional HRTEM image of a PZT/ SRO/STO heterostructure ͑the presence of a top SRO hindered the resolution of the TEM image; for all electrical and piezoelectric measurements a top SRO/Pt electrode was used͒, with the PZT of nominal thickness of 50 Å. In our previous report we presented cross-sectional HRTEM data on a film that was 40 Å thick. 13 In that case, the average lattice tetragonality ͑c / a ratio͒ was calculated based on the power spectrum of a lattice image to be 1.05. In the present report we show a detailed analysis of the local lattice strain of the film by lattice mapping directly on the image using a numerical center-of-mass approach. In the image of Fig. 1͑a͒ the distance between the top free surface ͑dashed line͒ and the bottom ferroelectric-electrode interface ͑arrow͒ is approximately 14 layers, each a single unit cell thick. In Fig.  1͑b͒ we plot the measured c-and a-axis parameters, and in Fig. 1͑c͒ we present the local layer-by-layer c / a ratio. All parameters were calibrated with respect to the lattice parameter of the STO substrate, which was fixed at 3.905 Å. We find two key observations. Firstly, a slight decrease in the out-of-plane parameter, and hence in the tetragonality, is observed at the interfaces compared to the interior of the PZT layers; the exact reasons for this are unclear. Recently van Helvoort et al. used low-angle annular dark-field ͑ADF͒ scanning transmission electron microscopy to show that epitaxial PbTiO 3 / SrTiO 3 ͑PTO/STO͒ films display a strained interface. 35 They too found that careful comparison between the lattice parameters in the volume of the thin films to the interface unveiled a reduced c-axis lattice parameter near the film/substrate interface. This trend may be compatible with the scenario of an extrapolated length 15, 17 for thin films, where in surface effects induce a suppression of the polarization and hence lattice parameter. Secondly, the measured c / a ratio ͑ranging from 1.07 to ϳ1.09͒ from the high-resolution image is higher than those reported by x-ray studies ͑as discussed in the next section͒ for this PZT composition. It is difficult to convolute if the high tetragonality is an intrinsic effect or due to, for example, thin film effects or residual strain. We point out that a tetragonality of 1.09 was obtained near domain walls in PbTiO 3 thin films by direct analysis of HRTEM images, 36 which is higher than the expected value of 1.06. There is no satisfactory quantitative explanation of this difference; thus the only inference from the HRTEM images is that the lattice is highly tetragonal. Due to the above inherent issues with HRTEM analysis we further probed the structural parameters via x-ray diffraction. Figure 2͑a͒ is a -2 scan of the 50 Å sample using synchrotron source at PLS. The ͑001͒ PZT, ͑100͒ SRO, and ͑100͒ STO peaks are indicated on the graph. Again the lattice parameter of the STO substrate was used to calibrate the peak positions. From this graph we measure the out-of-plane lattice parameter to be 4.132 Å. To measure the in-plane scan the sample was tilted to obtain diffraction from the ͑102͒ reflection, with the results shown in Fig. 2͑b͒ . The in-plane lattice parameter was calculated to be 3.905 Å and hence the tetragonality of the 50 Å film is ϳ1.058. Similar scans were performed for each of the thickness in the series. Figure 2͑c͒ is a graph of the tetragonality measured as a function of the film thickness. It demonstrates that for films less than 200 Å thick there is an ϳ1% increase in tetragonality compared to the bulk c / a of 1.05, indicating that the films are compressively stressed in plane; above this thickness the tetragonality relaxes by dislocation formation. Although there is some difference between the HRTEM and x-ray measurements, the overall conclusion is that a high tetragonality is maintained down to 50 Å thickness. A similar trend was observed for BTO ultrathin films in the report by Kim et al. 14 For films thinner than 350 Å and down to 50 Å a strong increase in the c lattice parameter compared to bulk BTO ͑an elongation of 6%͒ was observed, indicating a residual compressive strain in the plane of the substrate. For films thicker than 350 Å the out-of-plane parameter relaxed to bulklike values-this was attributed to relaxation by misfit dislocations. Due to the strong polarization-strain coupling 37 in PTO rich systems a high tetragonality is associated with a high polarization. Thus the trend shown by the c / a ratio as a function of thickness suggests that even below sub-100-Å thickness range, a large value of the polarization is sustained. 
III. RESULTS AND DISCUSSION
A. Structural measurements
B. Electrical measurements
To ensure that the ultrathin films were of high quality we performed dc-AFM images to identify potential sources of leakage or breakdown. Here we show results from scans performed on the 50 Å thick film. Figures 3͑a͒-3͑d͒ are a set of typical 1 ϫ 1 m 2 images ͑more than twice the area of the test capacitor devices͒ obtained for a 50 Å PZT grown on SRO/STO. The legend on the right to each image shows the current passing through the sample. We see that up to 0.8 V ͑ϳ1.6 MV/ cm͒ there is a uniform contrast indicating the lack of high conduction paths although the total current shows a slight increase. Only when the applied voltage is 1.5 V ͑3 MV/cm͒ does the sample show breakdown, as indicated by the large number of white/light colored regions in the image. Therefore we concluded that even the thinnest films were able to withstand local electric fields almost as high as 3 MV/ cm. 24 Figure 4͑a͒ shows a clear decrease in the magnitude as a function of decreasing thickness. Each switching transient was integrated to obtain the measured ⌬P. To ensure mathematical rigor we used the "double deflection" method. 32 In Fig. 4͑b͒ we show the results of the integration for each thickness.
Films 150 Å and thicker show a ⌬P of ϳ150 C/cm 2 , almost twice the remnant bulk polarization. Below 150 Å, it progressively decreases to approximately 11 C/cm 2 for the 50 Å film. Thus the polarization measurements reveal a systematic reduction in ⌬P as a function of decreasing film thickness, i.e., a size effect as the thickness is scaled down. This again is very similar to the trend shown by BTO ultrathin films; very high tetragonality coupled with vanishing switched polarization.
14 Further Fig. 4͑c͒ plots the switched polarization as a function of applied field for each thickness. It is observed that films thicker than 150 Å saturate to high switched polarization values; on the other hand the ultrathin films show no indications of saturation. Beyond these values of applied electric field significant breakdown was observed, hence convoluting the observed response. It is thus concluded that the ultrathin films show a highly pinned behavior and are unable to reach fully switched polarization even at extremely large electrical fields. In Fig. 5 the out-of-plane piezoelectric response ͑d 33 ͒ is plotted as a function of thickness. The presence of a top electrode ensured a uniform distribution of the electric field. Figure 5͑a͒ is a set of d 33 loops for five different thicknesses, from 40 to 300 Å. With decreasing film thickness, the piezoresponse decreases in a systematic and smooth manner. The piezoresponse is 60 pm/ V for the 300 Å film which drops to only 7 pm/ V for the 40 Å thick film. This thickness evolution is presented in Fig. 5͑b͒ . The error bars are standard deviations of the measurements. Comparing Fig. 4͑b͒ and Fig. 5͑b͒ , a striking resemblance is seen for the d 33 thickness dependence vis-a-vis the polarization thickness dependence. This trend is not expected in the event of a monodomain ferroelectric to paraelectric real size driven phase transition; the piezoelectric response is expected to diverge with decreasing thickness in such a situation. [38] [39] [40] Secondly, with decreasing thickness a systematic increase in the coercive field is observed, in compliance with previous reports. It increases from 150 kV/ cm for the 300 Å thick film to 1300 kV/ cm for the 80 Å film. The reason for this increase is still under debate; explanations range from crossover from nucleation and growth of domains to intrinsic switching 6 to the presence of a strong depolarizing field which must be corrected for. 22 Also with decreasing thickness the electric field dependence of the d 33 progressively decreases while the tilt of the loop increases. The reason for this increasing tilt is attributed to the presence of passive layers as demonstrated by Tagantsev et al. in a series of papers. 41, 42 The analysis of the tilting of the loop forms a more detailed study in itself and will be discussed elsewhere. 43 Therefore, the most important features of the above experimental observations can be summarized as follows: ͑i͒ an enhancement of tetragonality of about 1% with respect to the bulk for films thinner than 200 Å, ͑ii͒ a lack of scaling for tetragonality with thickness in the sub-100-Å range, ͑iii͒ a clear decrease in the magnitude of the switchable polarization with decreasing thickness, and ͑iv͒ a substantial reduc- tion of the out-of-plane piezoelectric response for the thinnest films. Due to the well-known strong polarization-strain coupling in ferroelectric perovskite oxides, explicitly checked by first-principles calculations at the bulk level for PZT, 44 ͑i͒ and ͑ii͒ suggest the existence of a ferroelectric polarization in the system, whereas ͑iii͒ and ͑iv͒ point to reduced ferroelectricity tending towards a paraelectric ground state with no net polarization. Thus, both the polarization and piezoelectric properties are in direct contradiction to our structural data, which show negligible size effects in the tetragonality.
C. Theory
To resolve this apparent inconsistency, we have carried out first-principles effective Hamiltonian simulations. Within this approach, the energy is written as a low-order Taylor expansion of the bulk energy around the paraelectric cubic phase in terms of selected degrees of freedom. Our starting point was the model Hamiltonian developed by Waghmare and Rabe for bulk PTO, 45 where the expansion is made in terms of the ionic displacements associated to the lattice Wannier function of the soft phonon branch, and the macroscopic strain. The parameters of the expansion are obtained by fitting first-principles results. We use the parameters for pure PTO ͑Ref. 45͒ as the main effect of the 20% Zr alloying is to only slightly shift the transition temperature and spontaneous polarization. Then, the model Hamiltonian was extended to deal with thin films following a well-established precedent, 18, 23 where the structure and properties of the thin film are obtained from simulation of the bulk material with the corresponding epitaxial strain constraint ͑in the present case, the in-plane lattice vectors are fixed to match the cubic STO substrate, 3.905 Å͒, and macroscopic electric field resulting from the incomplete screening by real metallic electrodes. The details of the generalization of the model Hamiltonian to thin films are given in Ref. 23 . Previous firstprinciples calculations 18 have shown that short-circuit boundary conditions across the entire system result in a nonzero macroscopic field in the thin film that depends linearly on the polarization of the thin film and is inversely proportional to the thickness of the ferroelectric layer. This residual depolarization field E d couples with the polarization, yielding an extra electrostatic energy that tends to suppress the polarization. 20 Only the net component of the out-of-plane polarization is considered here to compute the homogeneous depolarization field E d and the corresponding contributions to the energy. 46 The thickness dependence of the normal average polarization P, tetragonality c / a, and the out-of-plane piezoelectric constant ͑d 33 ͒ at room temperature, obtained by classical Monte Carlo simulations for a 12ϫ 12ϫ 12 supercell, are presented in Fig. 6 . We have performed simulations for larger supercells and confirmed that the results are independent of cell size. A sharp monodomain-polydomain phase transition, driven by E d , is detected at a thickness around 150 Å. This is similar to phase transitions reported in Refs. 21 and 47-50. The phase transition results from the competition between the compressive strain imposed by the substrate, which tends to stabilize the tetragonal phase [51] [52] [53] and the out-of-plane polarization, 52 and a depolarization field that tends to suppress the latter. As the film gets thinner, the residual field in the ferroelectric grows and, consequently, both the polarization 18 and the tetragonality 23 are progressively reduced ͓see Figs. 6͑a͒ and 6͑b͔͒. Below the critical thickness the system breaks up into equal-width 180°stripe domains ͑net polarization zero͒ to minimize the energy associated with E d ͓Figs. 7͑a͒-7͑c͔͒. This domain structure has been observed and characterized in ultrathin PTO films grown on insulating substrates. 9, 11 Here, we propose its existence as the mechanism for compensation of the depolarization field for ferroelectric layers sandwiched between metallic electrodes as well. Though the net switchable polarization is zero, each domain exhibits the bulk strained polarization and tetragonality c / a, 1.25% larger than in the unstrained sample, explaining the apparent inconsistency of the experimental data. Moreover, since the out-of-plane piezoelectric response is also directly proportional to the polarization inside each domain, its average also tends to cancel for films thinner than the threshold thickness, explaining the drop of d 33 experimentally observed ͓Fig. 6͑c͔͒.
One might expect that a transition from the 180°domain state to the uniformly polarized state could be induced by the application of a sufficiently high electric field; however, experimentally this is not observed as shown by Fig. 4͑c͒ . Simulations of the response of the system under high electric field were carried out to check the strong nature of the pinned domain state. In Fig. 8 we present the results of the FIG. 6 . ͑Color online͒ Thickness dependence of the normal average polarization P, the tetragonality c / a, and the out-of-plane piezoelectric constant d 33 at room temperature. Values of these quantities at the bulk level are indicated by the dashed lines for the unstrained configuration and by the dotted lines for a geometry under the strain imposed by the substrate. The evolution of the domain structure, from a monodomain configuration at large thicknesses, where the depolarization field E d is small, to a 180°stripe domains to minimize the energy associated with E d is presented in the inset. Standard deviation distributions, obtained from averaging over different numbers of Monte Carlo steps in many simulations, starting with different seeds for the random number generator, are indicated by error bars.
Monte Carlo simulations under the presence of a field of 3 MV/ cm. It is seen that even under such high fields, the theoretically calculated switched polarization for the sub-100-Å thick films is very small. In order to explain this behavior, it is necessary to understand the different energies involved. Let us start with a 50/ 50 domain structure as the one described in the preceding paragraph. In such a configuration, the switchable polarization is zero. The net polarization at the surface ͗P͘ also vanishes, and consequently there is no depolarization field E d , according to the expression for the depolarizing field given in Ref. 23 .
where stands for the effective screening length of the electrode and d is the thickness of the ferroelectric thin film ͑we use SI units͒. Now, let us switch on an external field E appl pointing up. This field couples with the polarization inside each domain, and the corresponding electrostatic energy coupling E appl will be given by
where ⍀ up and ⍀ down stand for the volume of the domains up and down, respectively, ⍀ refers to the whole volume of the sample, and we have supposed that both the local polarization ͑the same in magnitude inside each domain͒ and the applied field are homogeneous. In the previous expression, we have made use of the fact that E appl is parallel to the polarization up and antiparallel to the polarization down. Clearly, the electrostatic energy is linear in the net polarization, the domain up being energetically favorable against domain down. That means that in the absence of a depolarization field, the system will minimize the energy by flipping all the domains up completely. However, as soon as the domain wall is displaced, a net polarization ͗P͘ appears, giving rise to a proportional depolarization field E d , as it is shown in Eq. ͑1͒. The corresponding energy coupling E dep is positive in sign ͑that is, it tends to suppress the polarization͒ and quadratic on the net polarization, 23, 39 FIG. 7. ͑Color online͒ Local mode displacements of the cells situated in a transverse cut of the film at different thicknesses: ͑a͒ 350 Å, ͑b͒ 150 Å, and ͑c͒ 60 Å. The arrows give the direction of the displacement projected on a yz plane, where z is the normal direction to the interface, and the arrows' length indicates the projected magnitudes. A sharp monodomainpolydomain phase transition is observed at a thickness around 150 Å. Above this critical thickness ͑panel a͒, the local mode is reduced, and even locally reversed by the effect of the residual depolarization field. Below the critical thickness, domains of opposite polarization nucleate and grow with decreasing thickness till a 50/ 50 configuration, with no net polarization, is formed. FIG. 8 . Thickness dependence of the normal average polarization under the effect of an external applied field of 3 MV/ cm at room temperature. Even at such high fields, the 180°domains remain pinned, thus resulting in a reduced average polarization. The bulk strained value in zero field ͑dashed line͒ is presented for comparison. The error bars have the same meaning as in Fig. 6 .
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As seen above the depolarizing energy is inversely proportional to the thickness of the thin film, so the thinner the film, the larger the depolarizing energy for a given net polarization. The total electrostatic energy to be minimized will be given by the sum of E appl and E dep . The presence of the quadratic term avoids the free creeping of the domain walls, explaining why such a high field is not large enough to induce a transition to a monodomain uniformly polarized state, thereby creating pinning of the domains and hence inducing low switched polarization in good agreement with the experimentally observed trends. Although the above scenario can explain in general the experimental trends there are some differences between the experimentally observed size dependence behavior and the theoretical simulations. Most prominently, the theoretical simulations predict a very sharp fall in the ferroelectric properties while in the experimental data it is more gradual. This arises from a primary difference that the experimental plot is that of a switched polarization under a given applied electric field whereas the first-principles simulations of Fig. 6 show the case of remnant polarization as a function of thickness. It is highlighted again that the polarization measurements reported here were performed by the PUND method ͑which necessitates application of an electric field͒ and not ferroelectric hysteresis loops. Indeed when the simulations are performed under an applied electric field, the drop is gradual as observed in Fig. 8 .
Secondly, the experimentally observed remnant piezoelectric response for the sub-100-Å films ͑although only 7-15 pm/V͒ is not zero, whereas the theoretical simulations predict a vanishing piezoresponse on account of the polydomain state. This is because the remnant state in the loop is reached only after sweeping to the maximum positive electric field, on its way to maximum negative electric field. Thus, there is a history dependent path involved, which cannot be accounted for by the theoretical simulations.
To check the presence of a 180°polydomain state we performed PFM imaging of the as grown samples. We performed synchrotron experiments as well to check the presence of satellite peaks as demonstrated by Fong and co-workers. 9, 11 However, the Pohang beam line does not have adequate beam energy to resolve the peaks. Therefore we retorted to the technique of PFM. Figure 9 compares the PFM images of two thicknesses, 150 and 50 Å. did not reveal any decrease or relaxation of the piezoresponse, suggesting that the written regions were extremely stable.
7 Figure 9͑b͒ is the profile along section AAЈ as drawn in Fig. 9͑a͒ . The following interesting observations can be made.
͑a͒ Outside the written zone line scan of the virgin region is uniformly negative, which suggests that the as grown film has a uniform polarity. In other words the 150 Å thick film is monodomain. This is in good agreement with the theoretical predictions. ͑b͒ Application of the positive bias ͑region marked with "ϩ"͒ creates regions of opposite contrasts and changes the sign of the piezoresponse signal ͓as seen in Fig.  9͑b͔͒ to positive but the magnitude is approximately the same, demonstrating that regions can be fully switched. This is in good agreement with the quantitative piezoelectric and the polarization measurements discussed earlier. ͑c͒ Application of negative bias ͑region marked as "Ϫ"͒ reverts the piezoresponse and hence the polarization back to the original contrast. Figure 9͑c͒ is the PFM scan for the 50 Å thick film with identically repeated write experiments. Figure 9͑d͒ plots the profile for line BBЈ in Fig. 9͑c͒ . It is found that in comparison to the 150 Å sample images, the result for the 50 Å film is significantly different in the following manner.
͑a͒ Most importantly the virgin surface shows a piezoresponse very close to zero. In Fig. 9͑d͒ this is the region inside the circle. This indicates that the film has a polydomain state such that the response is approximately zero. ͑b͒ On application of the positive bias, there is a piezoresponse signal and the magnitude is positive. This indicates that the film can be switched; however, the magnitude of the written region is less than 20% of the 150 Å region, in agreement with the trend shown by quantitative PFM. ͑c͒ On applying the reverse negative bias, it is observed that central region ͑Ϫ͒ does not switch back to a negative state but, in fact, hovers around zero, i.e., returns to the virgin state. This implies that the pinned polydomain state is stable favored to a uniformly negative monodomain state. This is slightly different from our quantitative results, where a piezoresponse is observed, similar in magnitude to the positive cycle. This difference may arise from the asymmetry of electrodes used in imaging experiments.
We thus conclude that the PFM studies indicate that the sub-100-Å ultrathin film is polydomain, thereby validating the conclusions of our theoretical simulations.
It could be surmised that the presence of ionic defects ͑e.g., oxygen vacancies͒ or electronic charge carriers could possibly lead to elongated lattice parameters 54 or would pin domain walls 55, 56 and therefore reduce the measured switchable polarization. While we cannot fully neglect the effect of oxygen vacancies, generally such ionic vacancies are expected to increase leakage currents dramatically. 57 This is not the case as shown by the dc-AFM images. Additionally x-ray photoemission spectroscopy ͑XPS͒ measurements did not show any measurable changes in the Pb +2 or Ti +4 peak positions as a function of film thickness; therefore we also precluded changes in the electronic states of the cations as the major cause for the reduction in polarization.
IV. CONCLUSIONS
In summary, we show in ultrathin SRO/PZT/SRO heterostructures a strikingly anomalous behavior: virtually no scaling of the tetragonality down to 50 Å thickness accompanied by a systematic reduction of the switchable polarization and the out-of-plane piezoelectric constant. Firstprinciples simulations predict the formation of a 180°p olydomain state for the thinnest films due to the presence of a residual depolarization field. The presence of a polydomain state is experimentally indicated by PFM images. Both the simulations and experiments suggest that this polydomain state is pinned and therefore explain the observed anomaly. Our studies on epitaxial perovskite ferroelectric thin films therefore indicate that although ferroelectricity is maintained down to nanometer level thickness, switchable polarization is severely affected.
It is also pertinent here to ask why polarization saturation cannot be observed in our films where as no size effects and complete saturation were reported for ultrathin polyvinylidene difluoride ͑PVDF͒ polymer films. 6 The reason for this may perhaps be that the nature of ferroelectricity in PVDF is different compared to PZT; this is a topic of our current investigation. Furthermore why resistance switching is not observed for this composition while it is seen for other PZT compositions needs further investigations.
